The dye-sensitized photooxygenation of DLtryptophan in aqueous solution leads to the tricyclic compound 2-carboxy-3a-hydroperoxy-1, 2,3,3a,8,8a-hexahydropyrrolo[2,3-blindole which, on reduction with dimethyl sulfide, furnishes two diastereoisomeric alcohols separable by fractional crystallization into a higher melting (mp 254°-256°) and a lower melting (mp 2280) diastereoisomer. Each of these alcohols was correlated with one of the analogous pair of isomeric 1,2-dicarbomethoxy analogs by alkaline hydrolysis and by x-ray analysis. In this way, the 3a-hydroxy-1,2-dimethoxycarbonyl-1, 2,3,3a,8,8a-hexahydropyrrolo[2,3-blindole, mp 163°-164°, was shown to have the trans configuration with regard to the relative positions of the hydroxyl and carbomethoxy groups and that, on alkaline hydrolysis, it produced the isomer with mp 2280, which therefore also has the trans configuration. The mechanism of the smooth thermal rearrangement of the (presumably ring-chain tautomeric) tryptophan hydroperoxy intermediates to formylkynurenine is discussed with its implications for the biological oxidation by tryptophan 2,3-dioxygenase. The first direct chemical conversion of tryptophan (1) to formylkynurenine (4) was by ozonolysis (1). The biochemical degradation of L-tryptophan by L-tryptophan oxygenase, a dioxygenase [L-tryptophan:oxygen 2,3-oxidoreductase (decyclizing), EC 1.13.11.11], served as one of the first demonstrations of the incorporation of both 180 moieties of molecular oxygen (1802) (2) and prompted many model studies involving intermediary hydroperoxides arising from indole substrates through. catalytic oxidation (3) or photooxygenation (4, 5).
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(See structure cut on top of next page.) Earlier studies (6-13; for reviews, see refs. 14 and 15) on the sensitized photooxygenation of 1 led to complicated mixtures of products in which kynurenine was detected (7) and formylkynurenine was isolated in low yield (12) . In accord with the general mechanism of oxidations of enamines (16) , of which indoles are a special case (3), the 3-hydroperoxyindolenine 2 (17) was postulated to be the primary intermediate capable of rearranging to formylkynurenine (4), whether via an energetically unfavorable dioxetane 3 (18) or via hydrated intermediates 5 and/or 6 (19, 20) may be left open at this point. Our recent studies on the dye-sensitized oxygenation of N(b)-methoxycarbonyltryptamine and -DL-tryptophan methyl ester [9; N(b) is the basic nitrogen, and N(a) is the indolic one] have provided unambiguous evidence for the intermediary formation of a 3-hydroperoxyindolenine (4, (21) (22) (23) (24) . Furthermore, we have found a new reaction pathway to kynurenine via the long-sought-after 3a-hydroperoxyhexahydropyrroloindole (23, 24) .
The reinvestigation of the dye-sensitized photooxygenation of tryptophan itself in aqueous solution has now led to the major product, 3a-hydroperoxypyrrolidinoindole (7) which easily rearranges to formylkynurenine (4) upon warming.
EXPERIMENTAL
When an aqueous solution (300 ml) of DL-tryptophan (1) (1 g, 5 mmol) containing EtOH (15 ml) and Rose Bengal (0.4 mmol) was photooxygenated at 0°-5°for 2.5 hr, followed by reduction with dimethyl sulfide, the 3a-hydroxyhexahydropyrroloindole (8) was obtained as a mixture of two diastereoisomers that were readily separated by fractional crystallization from water to give 8a, mp 254°-256°(28%) and 8b, mp 2280 (28%), in addition to 23% of recovered tryptophan (1) . The spectral properties of 8 were in complete accord with those reported by Savige (25) who obtained 8 by oxidation of 1 with peracetic acid. Neither formylkynurenine nor N(b)-formylkynurenine have so far been detected (thin-layer chromatography; UV absorption) in the reaction mixture.
On the other hand, DL-formylkynurenine (4) was isolated in yields up to 26% from the reaction mixture [in addition to 8 ( 1%)] when heated for 30 min at 1000 immediately after the irradiation until the starch-KI test became negative. These results are clearly expected on the basis of analogous experiments in which the sensitized photooxygenation of 9, followed by silica gel column chromatography, provided 11, 12, and 13 (23) . The tricyclic hydroperoxide 10 has now been isolated by sensitized photooxygenation of 9 in 40% yield as a mixture of cis and trans isomers with respect to the hydroxy and ester groups. The properties of 10, a mixture of diastereoisomers, are Xmax (EtOH) 242 (26) and the results are displayed in Fig. 1.1 Alkaline hydrolysis of the trans isomer lla gave the lower melting isomer 8a in 88% yield, in addition to trace amounts of 8b detected on thin-layer chromatography, whereas the cis isomer lIb gave 8b as a single product in 84% yield. 1 (28) .
In an analogous fashion, the strong effect of acid catalysis on the rearrangement of 1 1-hydroperoxytetrahydrocarbazolenine (18) to 1-aza-8,9-benzocyclonona-2,7-dione (21) has been interpreted as a heterolytic cleavage of the peroxide bond with concerted intramolecular addition of the anionic oxygen to the strongly electron-attracting protonated azomethine group (19) 
